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ABSTRACT
Recent analyses of the Pal 5 and GD-1 tidal streams suggest that the inner dark matter halo of the Milky
Way is close to spherical, in tension with predictions from collisionless N-body simulations of cosmological
structure formation. We use the Eris simulation to test whether the combination of dissipative physics and
hierarchical structure formation can produce Milky Way-like galaxies whose dark matter halos match the tidal
stream constraints from the GD-1 and Pal 5 clusters. We use a dynamical model of the simulated Eris galaxy
to generate many realizations of the GD-1 and Pal 5 tidal streams, marginalize over observational uncertainties
in the cluster galactocentric positions and velocities, and compare with the observational constraints. We find
that the total density and potential of Eris contributed by baryons and dark matter satisfies constraints from the
existing Milky Way stellar stream data, as the baryons both round and redistribute the dark matter during the
dissipative formation of the galaxy, and provide a centrally-concentrated mass distribution that rounds the inner
potential. The Eris dark matter halo or a spherical Navarro-Frenk-White dark matter work comparably well in
modeling the stream data. In contrast, the equivalent dark matter-only ErisDark simulation produces a prolate
halo that cannot reproduce the observed stream data. The on-going Gaia mission will provide decisive tests of
the consistency between ΛCDM and Milky Way streams, and should distinguish between models like Eris and
more spherical halos.
Keywords: dark matter — galaxies: fundamental parameters — galaxies: halos — galaxies: kinematics and
dynamics — galaxies: spiral — galaxies: structure
1. INTRODUCTION
The standard ΛCDM model successfully explains a wide
range of cosmological observations on scales k. 10h Mpc−1.
On smaller scales, comparisons between cosmological N-
body simulations and observations have identified several
seeming inconsistencies including the cusp-core (e.g., Flo-
res & Primack 1994; Moore et al. 1994), missing satellite
(Klypin et al. 1999; Moore et al. 1999), and Too Big To Fail
(Boylan-Kolchin et al. 2011) problems that involve theoret-
ical predictions for the spherically-averaged radial density
profile or substructure of dark matter halos. These studies
have emphasized the need to consider carefully the results
of dissipationless N-body simulations when comparing with
data, and indeed recent studies with hydrodynamical simu-
lations suggest that baryonic physics may alleviate some of
the apparent tensions (e.g., Governato et al. 2012; Pontzen &
Governato 2012; Brooks & Zolotov 2014; Madau et al. 2014;
Chan et al. 2015; Oñorbe et al. 2015; Wetzel et al. 2016).
The shape of the halo represents an important additional pre-
diction of galaxy formation simulations testable through ob-
servations. In this paper, we explore whether cosmological
simulations of Milky Way-like galaxies can produce realis-
tic dark matter halo shapes when modeling the dissipative
effects of baryonic physics.
Collisionless simulations predict triaxial or near-prolate
halos, with typical density profile axis ratios [b/a,c/a] ∼
0.4 − 0.6 (e.g., Frenk et al. 1988; Dubinski & Carlberg
1991; Warren et al. 1992; Cole & Lacey 1996; Jing & Suto
2002; Vera-Ciro et al. 2011). For external galaxies, obser-
vations utilizing gravitational lensing (e.g., Hoekstra et al.
2004; Parker et al. 2007) or X-ray isophotes (e.g., Buote &
Canizares 1998; Buote et al. 2002) can test such predictions
for halo shapes. These studies find typical halo ellipticities
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of e¯ ∼ 0.35, in agreement with the results from numerical
simulations. Shape constraints for the Milky Way dark mat-
ter halo mostly derive from measurements of the density
distribution and kinematics of halo stars or the dynamics of
tidal streams such as Sagittarius. Current constraints vary,
with studies showing that the Milky Way dark matter halo
features an oblate (e.g., Johnston et al. 2005; Loebman et al.
2014), close to spherical (e.g., Fellhauer et al. 2006; Smith
et al. 2009), prolate (e.g., Helmi 2004; Bowden et al. 2016),
or triaxial (Law & Majewski 2010) shape.
Constraints on the shape of the Galactic dark matter halo
derived from either stellar halo properties or the Sagittarius
stream face complexities from dynamically-hot stellar pop-
ulations, unknown accretion histories, and large angular ex-
tents on the sky. In contrast, the comparably dynamically-
cold tidal streams of the globular clusters Pal 5 (Odenkirchen
et al. 2001) and GD-1 (Grillmair & Dionatos 2006) lend
themselves more readily to dynamical modeling, and have
yielded constraints on the shape of the inner halo of the
Milky Way (Koposov et al. 2010; Bowden et al. 2015; Küp-
per et al. 2015; Pearson et al. 2015; Bovy et al. 2016). Bow-
den et al. (2015) used a streakline method to model GD-1
in a logarithmic potential model and found a total potential
minor-to-major axis ratio of qz = 0.90+0.05−0.10. Küpper et al.
(2015) used the same approach to model Pal 5 in a three-
component potential model consisting of a bulge, a disk, and
a halo, and derived a halo potential minor-to-major axis ratio
of qz,h = 0.95+0.16−0.12. Using the action-angle method of Bovy
(2014), Bovy et al. (2016) modeled the combined data from
GD-1 and Pal 5 to determine the axis ratio of the dark mat-
ter halo density distribution. Assuming a three-component
potential model, they inferred a halo density profile axis ra-
tio of c/a = 1.05± 0.14, corresponding to a halo potential
flattening close to qz,h = 1.0. These results show consistency
with each other but appear in tension with the predictions for
halo shapes from collisionless N-body cosmological simula-
tions. Our work revisits the constraints the Pal 5 and GD-1
stellar streams place on the shape of halo in the context of a
self-consistent hydrodynamical cosmological model for the
formation of Milky Way-like galaxies, the Eris simulation
(Guedes et al. 2011).
Hydrodynamical simulations have long demonstrated that
baryonic dissipation can change the shape of dark matter ha-
los by making them more spherical (e.g., Dubinski 1994;
Kazantzidis et al. 2004; Gustafsson et al. 2006; Debattista
et al. 2008; Abadi et al. 2010; Kazantzidis et al. 2010; Tis-
sera et al. 2010). Dissipation can also redistribute the dark
matter mass radially via adiabatic contraction (Blumenthal
et al. 1986; Gnedin et al. 2004). The triaxiality of the halo
originates in part from box orbits of the dark matter particles.
The deepened potential well in the center of a galaxy caused
by the condensation of baryons can scatter the box orbits
and result in a rounder halo (Dubinski 1994; Debattista et al.
2008). Kazantzidis et al. (2004), Gustafsson et al. (2006),
and Abadi et al. (2010) compared the shape of the dark mat-
ter halos from collisionless and hydrodynamical simulations,
and found that baryonic dissipation causes halos to grow
rounder and mildly oblate in their inner regions, with their
flattening aligned with any disks formed. Baryonic dissi-
pation increased the halo axis ratios by a few tenths, but
did not make them spherical. It therefore remains unclear
whether baryonic dissipation can fully explain the discrep-
ancy between halo shapes inferred from stellar streams and
the predictions of cosmological N-body simulations. Practi-
cal difficulties in forming realistic Milky Way-like galaxies
in cosmological hydrodynamical simulations and in compar-
ing the hydrodynamical simulation results with stream data
have limited previous studies to simplified models for the
dark matter halo structure.
In what follows, we use Eris as an example model of a
Milky Way-like galaxy and simulate the properties of the
Pal 5 and GD-1 streams in this potential. By marginalizing
over the uncertainties in the globular cluster positions and ve-
locities, we can determine whether the Eris halo shape per-
mits the observed stream orbits. In Section 2, we provide
an overview of the Eris simulation, provide details on lu-
minous and dark matter properties of the simulated galaxy,
and compare these properties with the observed properties
of the Milky Way. Section 3 describes our self-consistent
field method used to efficiently and accurately represent the
gravitational potential of Eris. In Section 4, we measure and
compare the shapes of the dark matter halos from Eris and
the equivalent dark matter-only simulation ErisDark to study
the effects of baryonic dissipation. Section 5 describes our
method to model and fit the tidal streams of Pal 5 and GD-1
in a variety of potentials, and we present the resulting com-
parisons with observations in Section 6. We discuss our re-
sults in Section 7 and present our conclusions in Section 8.
2. ERIS SIMULATION
To generate a cosmologically-motivated model for a Milky
Way-like potential we use the results of Eris, a cosmologi-
cal zoom-in simulation of the formation and evolution of a
Milky Way-like galaxy (Guedes et al. 2011). The simula-
tion evolved a periodic volume 90 Mpc on a side using the
N-body + Smoothed Particle Hydrodynamics code GASO-
LINE (Wadsley et al. 2004), over the redshift range z = 90 to
the present in a ΛCDM cosmology (ΩM = 0.24, Ωb = 0.042,
H0 = 73 kms−1 Mpc−1, n = 0.96, σ8 = 0.76). The target halo
experienced a quiet late merger history and reached a to-
tal mass of Mvir = 8× 1011 M, similar to the Milky Way.
The corresponding resampled region contained 13 million
high resolution dark matter particles and an equal number of
gas particles, for a mass resolution of mDM = 9.8× 104 M,
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mSPH = 2×104 M. The simulation used a gravitational soft-
ening length of G = 120 pc for all particles, and included
Compton cooling, atomic cooling, metallicity-dependent ra-
diative cooling at low temperatures, and heating from a uni-
form UV background. The star formation algorithm allowed
for the stochastic spawning of stellar particles in cold, dense
regions, each formed with an initial mass ofm∗ = 6×103 M.
The feedback implementation followed Stinson et al. (2006),
with supernova explosions injecting energy and metals in the
surrounding gas.
By z = 0, Eris displays a late-type spiral morphology and
resembles a close Milky Way analog. Within the Eris virial
radius rvir ≈ 235 kpc lie 7.0 million dark matter, 3.0 million
gas, and 8.6 million stellar particles. Table 1 summarizes
the basic properties of Eris and the corresponding observa-
tional constraints of the Milky Way. Most simulated proper-
ties show consistency with the observations, assuming a so-
lar galactocentric radius of R0 = 8.0 kpc. The reported mea-
surements of the disk and bulge in the central region follow
the orbital circularity-based decomposition by Guedes et al.
(2013). The quantity  = jz/ jc describes the orbital circular-
ity of the baryonic (gas and stellar) particles, and depends on
the angular momentum of each particle along the z-direction
jz and the maximum angular momentum jc =
√
GM(< r)r.
In this decomposition, stellar particles that lie within a radius
r< 2 kpc and occupy kinematically warm orbits ( < 0.5) get
assigned to the bulge, while the remaining particles comprise
the stellar disk. For more details about the Eris simulation,
we refer the reader to Guedes et al. (2011).
For comparison, we also use an equivalent, dark matter-
only simulation called ErisDark (Pillepich et al. 2014). The
detailed properties of the dark matter halos in Eris and Eris-
Dark are discussed Section 4, and a comparison of their prop-
erties enable us quantify the effects of baryonic dissipation.
We refer the reader to Pillepich et al. (2014) for other analy-
ses of the dark matter halos formed in the Eris and ErisDark
simulations.
3. METHODOLOGY
In comparing the Pal 5 and GD-1 stellar stream data to the
Eris simulation, we must compute the gravitational forces at
the positions of stars in the streams. To marginalize over ob-
servational uncertainties in the Pal 5 and GD-1 galactocentric
positions and velocities, we perform numerical simulations
of the stream formation and measure the resulting likelihood
of the observed stream position and velocity data given the
Eris potential model. Since this approach requires evaluat-
ing the simulated halo potential, Φ, many tens of billions of
times, we need an efficient method determining Φ free from
the computation burden of using the simulated particle data.
The self-consistent field (SCF) method (e.g., Clutton-Brock
1973; Hernquist & Ostriker 1992) allows us to construct an
accurate model of the Eris potential from the particle data us-
ing a basis-set expansion. We then use this SCF model for the
Eris potential to simulate the evolution of the stellar streams
in a manner analogous to the idealized analytical potentials
used by, e.g., Pearson et al. (2015) and Bovy et al. (2016).
By including contributions from the baryonic components of
Eris, our approach extends the methodology of Ngan et al.
(2015) and Ngan et al. (2016) who used an SCF model to
represent the Via Lactea II (Diemand et al. 2008) halo poten-
tial to compute both tidal debris from accreted systems and
tidal streams from disrupted globular clusters.
3.1. Self-Consistent Field Method
The SCF method models dynamical systems using a com-
plete set of bi-orthogonal density-potential pair basis func-
tions
ρ(r,θ,φ) =
∑
n,l,m
Anlmρnlm(r,θ,φ) (1)
Φ(r,θ,φ) =
∑
n,l,m
AnlmΦnlm(r,θ,φ) (2)
where ρ(r,θ,φ) represents the density at spherical coordi-
nates [r,θ,φ], Φ is the corresponding gravitational potential,
and Anlm are numerical coefficients that weight the contribu-
tion of the density (ρnlm) and potential (Φnlm) eigenfunctions
to the expansion.
Representing the density and potential of an arbitrary
structure exactly requires an infinite number of terms in
the expansion. In practice one truncates the expansion to
remove high frequency terms with high “quantum” numbers
nlm, resulting in a smoothed potential. To maximize the ef-
ficiency of the expansion, it is advantageous to select basis
functions such that the first few, low-quantum number terms
provide a good approximation to the modeled structure. Sev-
eral analytical basis sets have been proposed (Clutton-Brock
1973; Hernquist & Ostriker 1992; Zhao 1996; Rahmati &
Jalali 2009), but the low-order radial eigenfunctions of these
models do not follow the shape of the Navarro-Frenk-White
profile (NFW; Navarro et al. 1996, 1997) with an inner loga-
rithmic slope of γ∼ −1 transitioning to γ∼ −3 in the exterior.
Following Weinberg (1999), we construct a set of density-
potential pair basis functions for the dark matter halo by
solving the Sturm-Liouville equation numerically. The basis
set functions were tabulated with radius and stored in lookup
tables for interpolation.
To compute the basis functions, we assume their form in
spherical coordinates follows
Φnlm(r,θ,φ) = ΦNFW (r)unl(r)Ylm(θ,φ) (3)
ρnlm(r,θ,φ) = λnlρNFW (r)unl(r)Ylm(θ,φ) (4)
where unl(r) are radial eigenfunctions, Ylm(θ,φ) are spheri-
cal harmonics, λnl are unknown constants, and ρNFW (r) and
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Table 1. Comparison of the Milky Way and the Eris simulation
Property Milky Way Eris
Dark matter mass MDM(< 20 kpc) 1.1±0.1×1011 Ma 1.1×1011 M
Total mass Mtot(< 60kpc) 4.0±0.7×1011 Mb 3.34×1011 M
Disk stellar mass M?,d 4.6±0.3×1010 Mc 3.0×1010 M
Disk scale length Rd 2.3±0.6 kpcd 2.5 kpc
Bulge stellar mass Mb (0.6−1.6)×1010 Me,f 0.95×1010 M
Circular velocity at the Solar circle Vc 218±10 kms−1c 212 kms−1
Vertical Force at the Solar circle, |z| ≤ 1.1 kpc 67±6(2piGM pc−2)c 55(2piGM pc−2)
References—aBovy et al. (2016), bXue et al. (2008), cBovy & Rix (2013), dHammer et al. (2007), eRobin et al. (2012), f Portail et al. (2015)
ΦNFW (r) are the NFW density and potential profiles. Each
density-potential pair should satisfy the Poisson equation
∇2Φnlm = 4piGρnlm. (5)
This constraint leads to a standard Sturm-Liouville equation
−
d
dr
[
p(r)
dunl
dr
]
+ s(r)unl = λw(r)unl , (6)
where
p(r) = log2(1+ r) (7)
s(r) =
log(1+ r)
(1+ r)2
+
l(l +1)
r2
log2(1+ r) (8)
w(r) =
log(1+ r)
(1+ r)2
. (9)
With appropriate boundary conditions, these equations were
solved to determine unl and λnl numerically using Matslise
2.0 (Ledoux & Van Daele 2016). The boundary point at
r = 0 is singular, while the outer boundary is set to u′nl = 0
at rmax = 32rs. Since the Milky Way virial concentration ratio
is cvir ≡ rvir/rs  32, and the region of interest for this cal-
culation (where tidal streams are located) is at galactocentric
radii r ∼ rs, placing the outer boundary condition at 32rs has
little affect on our results. We assume that the potential is
symmetric about the θ = pi/2 plane and azimuthally symmet-
ric. These assumptions allow us to keep only the even l and
m = 0 terms in the expansion. This approach provides a fast
way to compute the potential from the particle distribution.
For the Eris simulation, this method proves two or three or-
ders of magnitude faster than using a direct summation, de-
pending on which angular symmetries for the potential are
assumed. We verified our method by computing expansions
for the Hernquist (1990) model and the triaxial NFW model
with constant axis ratio
ρ(m) =
ρs
m/rs(1+m/rs)2
, (10)
where
m2 = x2 +
y2
(b/a)2
+
z2
(c/a)2
, (11)
and a, b, and c are the major, intermediate, and minor axis
scale lengths. As expected, our SCF method works well
when modeling triaxial NFW halos but proves inefficient for
highly flattened systems owing to the use of a spherical NFW
profile as the lowest-order term. For modeling the disk com-
ponent of Eris, we include the additional contributions to the
potential described below.
3.2. Eris Potential Model
At least four components are needed to model the com-
plex structure of Eris: a dark matter halo, a stellar halo, a
bulge, and a baryonic (gaseous and stellar) disk. To perform
our decomposition of the Eris potential, we adopt the poten-
tial minimum computed by the simulation as the center of
the galaxy. The total angular momentum vector of all bary-
onic particles at distances r < 5 kpc from the center is cal-
culated, and its orientation used to define the z−axis of the
galactic disk. We apply a rotation to diagonalize the iner-
tial tensor constructed from the particle positions in the x− y
plane, completing the coordinate system for our expansions.
In constructing the separate bulge, halo, and disk expansions
for Eris we aim to provide a quality representation of the total
galactic potential, and therefore separate the baryonic parti-
cles into distinct structures that approximate the low order
terms in each density profile expansion. We first select bary-
onic particles in an exponential disk distribution and fit their
density profile with a combination of three Miyamoto-Nagai
disks (Miyamoto & Nagai 1975; Flynn et al. 1996). The re-
maining baryonic particles are decomposed into a compact
bulge and an extended halo resembling an NFW profile, and
then both components are modeled using full SCF expan-
sions. This practical method leads to a “disk” vs “bulge” de-
composition that differs from the kinematic decompositions
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Figure 1. Density (left two panels) and potential (right two panels) fields of the dark matter halo in the Eris simulation. The first and third
panels are calculated from a self-consistent field (SCF) model for the Eris potential, while the second and fourth are measured directly from
particles. The major axis of the dark halo is aligned with the x-axis, and the minor (disk angular momentum) axis is aligned with the z-axis.
The dashed lines display the best fit elliptical isodensity and isopotential contours calculated from the SCF model.
reported in Guedes et al. (2013) and Table 1, but provides an
accurate representation of the total potential. The dark matter
density and potential in Eris are separately modeled using a
full SCF expansion as described above in Section 3.1, and the
dark matter halo of ErisDark is treated in a similar manner.
Figure 1 shows a comparison of the density and potential
field of the Eris dark matter halo computed from our SCF
expansion (the first and the third panels) and the particle dis-
tribution (the second and the fourth panels). In the SCF ex-
pansion we include terms with quantum numbers n≤ 10 and
l ≤ 10, for a total of 1331 terms. We use direct summation
to compute the particle-based potential. The particle den-
sity field was smoothed using a spatially-adaptive polyno-
mial kernel, with smoothing lengths for each particle com-
puted from the distance to the nearest 32 neighboring parti-
cles. The smoothness of the SCF density distribution rela-
tive to the particle density field results from truncating the
high order terms in the expansion, but as the isodensity and
isopotential contours illustrate the shape of the halo is well-
reproduced. Increasing the number of terms in the expan-
sion does not significantly improve the agreement between
the SCF and particle density and potential fields on angular
scales relevant to the stream orbits we attempt to model.
One concern about the SCF expansion regards the contri-
butions of substructures, such as dark matter subhalos, to the
coefficients of the expansion. Although the angular resolu-
tion of the expansion at l ∼ 10 does not resolve nearby sub-
halos, the particles in these substructures do contribute power
to the expansion coefficients for the n and l terms we retained
and therefore could potentially bias the expansion results.
For example, if a massive subhalo appears at the major axis
of the halo, then the low resolution expansion may give us a
more flattened halo. To check the impact of substructures we
compute a test expansion where we identify and reduce local
density maxima in substructures in Eris simulation, and then
recompute the coefficients on the smoother particle distribu-
tion. This procedure removes about 8% of the total particles
through out the whole halo. We randomly select 1 million
points at radii 5 kpc < r < 30 kpc, and measure the rela-
tive difference of local potential flattening calculated from
the two expansions. The local potential flattening is defined
as
qz,h,local =
√
Z
R
FR
FZ
, (12)
which equals the axis ratio of the isopotential contour if the
latter is a perfect ellipse. Here Z and R correspond to the
vertical and radial cylindrical polar coordinates, while FR and
FZ reflect the projected components of the gravitational force
in those directions.
We find that the presence or absence of substructures does
not substantially affect the shape of the potential field. The
maximum relative difference of the local potential flattening
once substructures are removed is only 0.6%. The high order
coefficients of the SCF expansion do change after removing
the substructures, but these terms have little contribution to
the total potential field. The low order coefficients, such as
A000 and A020, are reduced correspondingly because of the
loss of mass, but their ratio A020/A000 that strongly corre-
lates with the shape of the potential field remains almost
unchanged (the relative difference is 0.3%). We therefore
conclude that the presence of substructures do not bias the
shape of our halo potential model. We also consider contri-
butions of power from the Poisson noise associated with the
finite particle number on the expansion coefficients, and for
the high-resolution Eris simulation the contribution remains
small on the radial and angular scales retained in our expan-
sion.
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4. DENSITY AND POTENTIAL SHAPE OF ERIS
Figure 2 shows the minor/major (left panel) and interme-
diate/major (right panel) axis ratios for the density and po-
tential in the Eris (dark blue) and ErisDark (light blue) sim-
ulations. We fit the isodensity and isopotential contours with
ellipsoids, defining the major, intermediate and minor axes
of the ellipsoids relative to the reference frame formed by the
galaxy angular momentum and diagonalization of moment
of inertia tensor (see Section 3 above). In the x− y and x− z
planes, we fit these contours with ellipses every ∆r = 1 kpc
over radii r = 1− 100 kpc with the center [xc, yc], the semi-
axes a and b, and the tilt angle τ of ellipses allowed to vary.
The best fit xc, yc and τ remain close to zero, suggesting that
our descriptions for the galaxy centroid and principle axes
are accurate.
At radii r ∼ 10−20 kpc where the tidal streams would re-
side, the dark-matter only ErisDark simulation produces a
prolate halo with a minor/major axis ratio c/a = 0.45 and an
intermediate-major axis ratio b/a = 0.55. In contrast, bary-
onic dissipation greatly increases the sphericity of the dark
matter halo formed in the hydrodynamical Eris simulation,
resulting in an oblate halo that is nearly axisymmetric in the
x− y plane with b/a = 0.98. Perpendicular to the disk plane,
the minor-major axis ratio in the Eris simulation increased to
c/a = 0.65. These results are consistent with those reported
by Pillepich et al. (2014), who defined the halo axes follow-
ing the iterative method described in Kuhlen et al. (2007). In
both Eris and ErisDark, the gravitational potential is much
rounder than the density, as expected from the Poisson equa-
tion, with a dark matter potential minor-to-major axis ratio of
qz,h ≈ 0.85 in Eris and qz,h ≈ 0.67 in ErisDark.
We highlight several features of Figure 2. The axis ratio
of the dark matter halo in Eris varies with radius. Within
r . 60 kpc of the center, the halo grows rounder toward the
galactic center. Baryonic infall redistributes the dark matter
halo mass distribution. After including the contribution of
baryons the total gravitational potential of Eris, the potential
axis ratios increase at radii r & 10 kpc. These radii lie well
beyond the characteristic radii of the baryonic distribution in
Eris, such that the baryons provide a point source-like contri-
bution to the potential. In the innermost regions of the galaxy,
the baryonic disk substantially flattens the total potential and
lowers the sphericity of the total potential below that of the
dark matter halo potential. The total potential flattening is
qz ≈ 0.88 in the Eris simulation at radii r & 10 kpc.
5. DYNAMICAL MODELING OF THE TIDAL
STREAMS
Armed with an accurate representation of the gravitational
potential in the Eris simulation, we can model the evolution
of tidal streams stripped from globular clusters orbiting in the
simulated halo. We then can compare the properties of these
model streams with the observed Pal 5 and GD-1 streams,
and check for statistical consistency while marginalizing over
the uncertainty in the globular cluster positions and velocities
in the Milky Way halo.
5.1. Streakline Method
To model the tidal streams of Pal 5 and GD-1, we use the
streakline method introduced by Küpper et al. (2012). This
method was used by Küpper et al. (2015) and Bowden et al.
(2015) to constrain the potential of the Milky Way by mod-
eling Pal 5 and GD-1, respectively. As the satellite moves
in the potential of the host galaxy, test particles are released
near the Lagrange points and their orbits integrated in the
combined potential of the galaxy (computed from the SCF
method) and satellite (approximated as a point mass). We ig-
nore the mutual gravitational interaction of test particles and
the gravitational force on the satellite from the particles. The
streakline method proves significantly more computationally
efficient than a full N-body simulation, and since the orbits of
the stripped stars are assumed to be dynamically independent
the computation is easy to parallelize.
In our model, the stripped stars separate from the progeni-
tor globular clusters near the Lagrange points. We can define
the Lagrange radius (King 1962) as
rt =
(
GMsat
Ω2 −∂2Φ/∂r2
)1/3
, (13)
where Ω is the angular speed of the satellite in the galaxy po-
tential, Φ is the gravitational potential of the host galaxy, and
Msat is the mass of the satellite when the stars are released.
For Pal 5 we strip stars from the inner Lagrange point to form
a leading stream, and from the outer Lagrange point to form
a trailing stream. The tracers in the Pal 5 stream models are
released every∆t = 8 Myr, comparable with the∆t = 10 Myr
used by Küpper et al. (2015). For GD-1, following Bowden
et al. (2015) we release the particles at a distance r = 1.2rt
from the satellite to prevent a large number of particles from
being recaptured by the progenitor cluster. The tracers in the
GD-1 stream models are released every ∆t = 2 Myr. By the
present day, more than 1000 tracer particles are left in the
stream, comparable with the 500-1000 tracer particles in the
GD-1 stream simulated by Bowden et al. (2015). Since no
progenitor of GD-1 has been observed, we follow Bovy et al.
(2016) in assuming the observed stream is leading and only
release stars around the inner Lagrange point when modeling
GD-1.
The initial velocities of the released stars are determined
by
~v = ~v0 + δ~v (14)
where ~v0 reflects the radial and angular velocity of the satel-
lite (Küpper et al. 2012), and δ~v represents a random com-
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ponent contributed by the velocity dispersion of the satellite.
We assume that the internal velocity distribution of the satel-
lite stars follows a Gaussian distribution with zero mean and
standard deviation σv. The mass of the satellite declines as
the stars are gradually stripped, as represented by a constant
mass loss rate M˙. Since we only fit the mean orbit of the
streams and do not attempt to model the density of stars along
the stream, we release the stripped stars at a constant rate. We
do not attempt to model variations in the mass-loss rate from
the globulars that might subtly affect their orbits. Test parti-
cles do not correspond to individual stars, and the mass loss
rate of the satellite does not scale with the rate at which we
release particles. In total, our model has eight free parameters
for the progenitor cluster including its average mass loss rate,
present-day mass, and six current phase space coordinates.
For Pal 5, constraints on the present-day progenitor cluster
phase space coordinates and the relation between mass and
mass loss rate allow us to reduce the number of free parame-
ters to four including the distance, proper motions, and mass
of the cluster.
Starting with the location and velocity of the progenitors at
the present, we integrate each progenitor backward by∆t = 4
Gyr to set the initial conditions. This chosen timescale is long
enough for stripped stars to cover the whole Pal 5 and GD-1
streams by the present day, and cautiously exceeds that used
by previous analyses (e.g., Bovy et al. 2016). Increasing this
timescale would increase the length of the simulated stream,
but will have little influence on the stream properties within
the extent of the data. We then integrate orbits forward in
time using a leapfrog integrator (e.g., Press et al. 1986). We
treat any stars that fall within half of the Lagrange radius
of their parent globular cluster as "re-captured”, and remove
Table 2. Parameters of the spherical halo model
Component Parameter Value
Halo scale length rs 17.4 kpc
mass MDM(< 20 kpc) 1.1×1011 M
Bulge total mass Mb 0.3×1010 M
Disk total mass Md 7.0×1010 M
scale length Rd 3.0 kpc
scale height Zd 0.28 kpc
them from the simulation. Once the systems evolve to the
present day, we use local regression with a tri-cubic weight-
ing function to calculate the mean track of the stellar orbits
along the stream.
Owing to the non-zero velocity dispersion for the stars re-
leased from the globular clusters, some particles will move
away from the main stream orbit and introduce noise into its
determination. Since both the Pal 5 and GD-1 streams are dy-
namically cold, we reduce the particle noise by reducing the
random velocity component in Equation 14. We fix δ~v = 0 for
Pal 5 (following Küpper et al. 2015) and set σv = 0.25 kms−1
for GD-1. We have verified that reducing the random veloc-
ity component does not substantially affect the results of our
analysis.
5.2. Milky Way-like Potential Models
We compare three different models for the gravitational
potential of Milky Way-like galaxies in our stellar stream
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simulations. In the first, we use the SCF expansion of the Eris
potential described in Section 3.2. We assume the potential
to be azimuthally symmetric and mirror symmetric about the
disk plane, leaving only 66 terms in our SCF expansion. In
our second model, we use an SCF expansion of the ErisDark
potential. Although the dark matter halo in this simulation is
prolate and triaxial, we take an azimuthal average resulting in
an oblate axisymmetric spheroid with a potential flattening of
qz ≈ 0.8. We make this assumption to match constraints from
studies that suggest the axis ratio of the halo in the disk plane
is close to unity (Bovy et al. 2014, 2015). As we demonstrate
below, the ErisDark simulation does not reproduce well the
stellar stream data and using a prolate model would just fur-
ther exacerbate this failure. In our third model, we assume a
potential similar to the best fit found by Bovy et al. (2016) in-
cluding a Miyamoto-Nagai disk and a spherical bulge. How-
ever, instead of adopting a triaxial NFW dark matter halo
with c/a = 1.05 we use a spherical NFW halo with the same
scale length and normalization. The spherical halo greatly
simplifies the calculation and does not have a strong effect
on the resulting stream orbits relative to a nearly spherical
triaxial ellipsoid. The detailed parameters of this case can be
found in Table 2. In the following analysis we treat results
from the spherical halo model as a benchmark for evaluating
the success of Eris, and compare Eris and ErisDark to study
the importance of baryonic physics for altering the potential
in which we evolve the stream orbits.
5.3. Data
To evaluate the Eris potential shape as a template for a
Milky Way-like galaxy, we perform an analysis similar to
that presented by Bovy et al. (2016). We utilize constraints
from both the Pal 5 and GD-1 stellar streams. For both
datasets, to transform between the Celestial coordinates and
Galactocentric coordinates we fix the solar galactocentric ra-
dius R0 = 8.0 kpc, the solar vertical position in the Galactic
disk z0 = 25 pc, and the solar velocity with respect to the local
standard of rest [VR, VT , VZ] = [−11.1, 12.24, 7.25] kms−1
(Schönrich et al. 2010).
5.3.1. Pal 5
Figure 3 shows the Pal 5 tidal stream data. We use the
position of the stream stars on the sky in right ascension (RA)
α and declination δ, the six phase-coordinate location of the
Pal 5 cluster from Fritz & Kallivayalil (2015), and the line of
sight velocity measurement of the Pal 5 cluster from Kuzma
et al. (2015) to constrain the model stream orbits. We treat the
line-of-sight velocity of each star as equal to the mean value
of the tidal stream at the RA of the star, following Bovy et al.
(2016). The relation between the mass Mcl and the mass loss
rate M˙ for Pal 5, M˙/Mcl = (−0.7± 0.2) Gyr−1, is taken from
Odenkirchen et al. (2003). We fit both the leading arm and
trailing arm of Pal 5 simultaneously.
5.3.2. GD-1
Figure 5 shows the GD-1 tidal stream data as points with
error bars. The six-dimensional phase-space data from Ko-
posov et al. (2010) comprise our constraints, and consist of
the positions [φ1,φ2] corresponding to a coordinate system
oriented along and perpendicular to the stellar stream, the
line-of-sight distance along the stream, the proper motions
along and perpendicular to the stream, and the line-of-sight
velocity of each star along the stream. Similar to Pal 5, the
line-of-sight velocity measurement of each star is treated as
the mean value of the stream as a function of position along
the sky.
5.4. Bayesian Analysis
Given the Eris potential, which we treat as fixed according
to our SCF model, and a set of parameters ~θ (some of the six
phase-space coordinates of the progenitor), we can calculate
the mean orbit of the stream following the streakline method
described in Section 5.1. We then use a Bayesian analysis to
determine the likelihood of the stellar stream data given the
model, and locate the maximum likelihood of the progeni-
tor properties that produce streams most consistent with the
available data.
We define our log-likelihood as:
logL(~θ) = −
∑
i, j
[
xdata,i j − fi j(~θ)
]2
2σ2i j
, (15)
where i denotes different data types (for example, the po-
sition or line-of-sight velocity), j runs over the number of
data points of the same type, fi j(~θ) represents the model pre-
diction for the data given parameters ~θ, xdata,i j are the data
points, and σi j are the corresponding uncertainties for each
observed star. Since the line-of-sight velocity data are mea-
surements of individual stars rather than the whole stream,
we must account for the velocity dispersion of the stars about
the stream. We therefore add a stream velocity dispersion σsys
to the uncertainty in each star’s velocity in quadrature:
σi j =
√
σ2obs,i j +σ2sys (16)
We determine the stream velocity dispersion by fitting a cu-
bic polynomial to the stellar data velocities as a proxy for
the stream velocity and then calculating their variance about
this fit. We find stream velocities dispersions of σPal5,sys =
2.26 kms−1 and σGD1,sys = 15.08 kms−1. To provide the sam-
pling for our analysis, calculate the Bayesian evidence, and
compute the posterior distribution of each model, we use
Multinest (Feroz et al. 2009).
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Figure 3. Tidal stream data (points with error bars) for the disrupting Pal 5 globular cluster, along with the Eris halo (left panels), best-fit
spherical halo (middle panels), and the ErisDark halo (right panels) models. The models attempt to reproduce the path of the tidal stream on
the sky by matching the right ascension α and declination δ of the stars (upper panels) and how their line-of-sight velocities Vlos depend on
right ascension (bottom panels). Our Bayesian analysis uses a Monte Carlo approach, varying the line of sight position, proper motions, and
mass of Pal 5 as inputs into a streakline model for generating the tidal streams. Tens of thousands of potential stream orbits are considered and
compared with the data shown in this figure. The bands show the inner 67% and 95% credibility intervals on stream orbits in the halo potentials.
The solid lines present the maximum likelihood stream track in each potential, while the small gray points show a representative subset of the
present day test star particles associated with the maximum likelihood parameters. Both Eris and the spherical halo allow for orbits that are
highly consistent with the Pal 5 data, even though the total potential flattening is quite different for these two models: qz = 0.88 for Eris and
qz = 0.97 for spherical halo model at the location of Pal 5 cluster. The dark matter-only simulation ErisDark does not produce a comparably
good model of the Pal 5 data.
Table 3. Model Priors for Pal 5
Minimum Maximum
Distance 20 kpc 24 kpc
µα −2.482 masyr−1 −2.110 masyr−1
µδ −2.438 masyr−1 −2.076 masyr−1
Mass 5×103 M 2.5×104 M
Following Bovy et al. (2016), we fix the celestial coor-
dinates of Pal 5 at α = 229.018◦, δ = −0.124◦, and fix the
line-of-sight velocity to Vlos = −58.7 kms−1. We assume a
flat prior on the proper motion within the observed uncer-
tainty, as shown in Table 3. The measurements of the dis-
tance of the Pal 5 cluster range over 20.9 − 23.2 kpc (Har-
ris 1996; Vivas & Zinn 2006; Dotter et al. 2011), and we
therefore assume a flat prior for the line-of-sight distance
of D ∈ [20 kpc,24 kpc]. Mass estimates for Pal 5 vary,
ranging from 5× 103 M to 2.2× 104 M (Odenkirchen
et al. 2002; Küpper et al. 2015), and we adopt a flat prior
of Mcl ∈ [5× 103 M,2.5× 104 M]. For GD-1, since no
progenitor has been identified we assume a flat prior on all
six progenitor phase space coordinates, the mass, and the
mass loss rate. We first performed a test run with a broad
prior, and then reset the prior based on the marginalized one-
dimensional posterior distribution of the test run. We provide
a complete listing of the model priors for Pal 5 and GD-1 in
Tables 3 and 4, respectively.
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Figure 4. Marginalized 1-D posterior probability distributions of the three Pal 5 cluster parameters. The priors on these parameters are set
using observational constraints (see Section 5.4 and Table 3). The light blue color displays the normalized posterior distribution for the Eris
potential, while the dark blue color shows the spherical halo model results.
Table 4. Model Priors for GD-1
Minimum Maximum
φ1 0◦ 20◦
φ2 −3.5◦ 0◦
Distance 9.5 kpc 15.5 kpc
µφ1 −9 masyr
−1 −4 masyr−1
µφ2 −2.2 masyr
−1 −1.2 masyr−1
Vlos −380 kms−1 −250 kms−1
Mass 104M 105M
Mass-loss Rate 0 M Myr−1 20 M Myr−1
Table 5. log-Evidence for Milky Way-like Potential Models
Pal 5 GD-1
Spherical Halo −43.30±0.09 −35.08±0.11
Eris −42.20±0.09 −36.10±0.11
ErisDark −81.39±0.11 −49.90±0.14
6. RESULTS
In this Section we present the results of the dynamical
modeling and Bayesian analysis of the tidal streams Pal 5
and GD-1 in our models for the Milky Way potential.
6.1. Pal 5
Figure 3 shows the 68% and 95% credibility intervals for
the mean tidal stream orbits computed in the Eris (left pan-
Table 6. Best χ2 for Milky Way-like Potential Models
Pal 5 GD-1
Spherical Halo 31.57 19.01
Eris 31.47 19.11
ErisDark 65.77 25.17
els), spherical halo (middle panels), and ErisDark (right pan-
els) models for the declination δ (upper panels) and line-of-
sight velocity Vlos (bottom panels) as a function of right as-
cension α. To compute the credibility intervals at each posi-
tion along the stream, likelihood samples from the Bayesan
analysis were used to compute the posterior predictive dis-
tributions for declination δ or line-of-sight velocity Vlos as
a function of right ascension α. In calculating the poste-
rior predictive distribution, we assigned uncertainties to re-
gions between the data points by interpolation. As Figure
3 demonstrates, both the Eris and spherical halo models al-
low for stellar streams that appear highly consistent with the
available data. We find this compatibility remarkable given
that the spherical model adopts the best-fit model of Bovy
et al. (2016), with a halo mass and shape selected from a full
Bayesian analysis to provide maximal consistency with these
data, whereas the Eris potential was in no way selected to re-
produce the Pal 5 stream.
To quantify the relative agreement, we present the log-
evidence of both the Eris and spherical halo models for the
Pal 5 stream in Table 5 and the χ2 of the best fit parameters
in Table 6. The Bayesian evidence is defined as the average
of the likelihood over the prior, and can be written as
Z =
∫
L(θ)pi(θ)dθ (17)
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Figure 5. Tidal stream data (points with error bars) for the GD-1 stream, along with the Eris halo (left panels), best-fit spherical halo (middle
panels) models, and ErisDark halo (right panels). Symbols, bands, and lines are defined as in the Figure 3 caption. A representative subset of
the stellar particles are shown (small gray points). The models attempt to reproduce the path of the tidal stream on the sky by matching the
star positions φ1 and φ2 along the stream (upper most panels), the line-of-sight-distance along the stream (second panels from top), the stellar
proper motions along the stream (third panels from top), and how their line-of-sight velocities Vlos depend on position along the stream (bottom
panels). Both Eris and the spherical halo allow for orbits that are highly consistent with the GD-1 data, but ErisDark does not.
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where θ are the parameters in the model, L(θ) is the likeli-
hood, and pi(θ) is the prior. Eris provides the best model,
but the spherical halo model allows for streams that show
comparable consistency with the data. Given that the spheri-
cal halo model parameters remained fixed during our analysis
this comparison is formally correct, but we note that the addi-
tional flexibility of allowing the halo mass and radius to vary
could produce a somewhat better log-evidence than shown in
Table 5. Nonetheless, Figure 3 and Table 5 suggest that the
Eris and spherical halo models work comparably well. In Ta-
ble 5, we also present the log-evidence for models generated
from the dark matter-only ErisDark simulation. ErisDark
performs poorly, which is unsurprising given the strongly as-
pherical potential without dissipative effects or a large central
baryonic mass concentration. The end of the leading arm and
the trailing arm of the best fit ErisDark stream both deviate
from the observed data. Stars that lie at the end of the trail-
ing are typically the first stripped and travel the farthest away
from the cluster, and therefore are quite sensitive to the shape
of the host galaxy potential.
Figure 4 presents the one dimensional marginalized poste-
rior distribution of the Pal 5 distance and proper motions in
the Eris and the spherical halo models. As expected, these
parameters have quite different posteriors in the Eris and
spherical halo models, reflecting differences in their poten-
tial shapes. The overlap between the two posterior distribu-
tions is comparable to the width of the spherical halo poste-
rior with σµ ≈ 100µasyr−1, suggesting that future data more
precise than this level would be required to distinguish be-
tween the two models. We note that owing to the strong cor-
relation between distance and proper motions the posterior
distribution for the distance to Pal 5 cluster in the spherical
halo model truncates at D≈ 21kpc, corresponding to a proper
motion near the lower limit of the proper motion prior. How-
ever, we have checked that increasing the proper motion prior
range does not substantially change these results.
6.2. GD-1
Figure 5 shows the the 68% and 95% credibility intervals
for tidal stream orbits computed in the Eris (left panels),
spherical halo (middle panels), and ErisDark (right panels)
models models. The data for the GD-1 stream are presented
in the rotated spherical coordinates (φ1, φ2) oriented parallel
and perpendicular to the direction of the stream orbit. Shown
are the positions φ2, line-of-sight distance, proper motions,
and line-of-sight velocities as a function of the φ1 coordi-
nate for each model. Only a representative subsample of 500
tracers are plotted, while more than 1000 tracers are used to
calculate the stream centerline. As with Pal 5, we show the
marginalized 68% and 95% credibility intervals for each or-
bital parameter as bands, and the maximum likelihood orbit
as a solid line. Both the Eris and spherical halo potential
models provide comparable fits given their complexity. In
contrast, the best fit stream in the ErisDark potential encoun-
ters difficulty at large φ1, and produces broader streams than
the other potential models. Table 5 and Table 6 provide the
log-evidence and best χ2 for each model, showing that the
spherical halo is sightly favored to Eris, but that the differ-
ence in log-evidence is less than for Pal 5. The ErisDark
model performs substantially poorer.
7. DISCUSSION
Our analysis demonstrates that the gravitational potential
of the simulated Eris galaxy permits the formation of tidal
streams that closely resemble Pal 5 and GD-1. We empha-
size that we did not select Eris among a range of models,
nor did we tune its physical prescriptions for the purpose of
producing a simulated halo that would allow for realistic stel-
lar streams. Eris simply provides a close Milky Way analog
that serves as a model gravitational potential for comparing
with observed Milky Way stellar streams. We did not attempt
to find a statistically optimal model potential in the maxi-
mum likelihood sense, as the Eris potential remained fixed
throughout our tests. As we show below, with the greater
flexibility of allowing the halo shape or disk mass to vary we
can find a somewhat closer match to either the Pal 5 or GD-1
stellar stream data than Eris provides. However, Eris, a simu-
lated galaxy formed fully self-consistently in a complete cos-
mological context, works very well as a Milky Way-like po-
tential model as probed by the Pal 5 and GD-1 streams. Im-
portantly, this result suggests that structure formation in the
ΛCDM cosmology can produce galaxies whose halos closely
resemble that of the Milky Way. The ΛCDM structure for-
mation process can accomplish this success without resort-
ing to additional physics beyond those associated with stan-
dard CDM and the dissipational processes associated with
baryons.
7.1. Effects of Baryonic Dissipation
The comparison of the dark matter halos in the Eris and
ErisDark simulations in Section 4 demonstrated that bary-
onic dissipation greatly increased the sphericity of the halo.
However, the Eris halo is still substantially oblate. The com-
parable performance of the oblate Eris halo and a spherical
NFW halo suggests that differences between the potential
form in the two halo models, in addition to the halo flatness,
influences the stream orbits. We now examine how baryonic
dissipation changes the mass distribution in Eris.
Figure 6 shows the average radial density profile ρ(r) and
interior mass distribution M(< r) for Eris, ErisDark, and a
spherical NFW. The prolate halo in the dissipationless Eris-
Dark simulation is slightly more centrally concentrated than
a spherical NFW halo. The much poorer performance of
ErisDark in reproducing the streams relative to the spheri-
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Figure 6. Comparison of the average radial density profile (ρ(r); left) and interior mass distribution (M(< r); right) of dark matter halo models
used in computing stream orbits. In the right panel, the interior mass distribution of each model is normalized by the NFW interior mass profile.
Relative to a spherical NFW halo (lightest blue), baryonic dissipation increases the central concentration of the Eris halo mass distribution
(darkest blue). As expected, ErisDark (dark blue) and a flattened NFW halo (light blue) with qz,h = 0.85 (chosen to have oblateness similar to
Eris) are slightly more centrally-concentrated relative to a spherical NFW.
cal NFW halo therefore results primarily from the flattened
ErisDark halo shape, rather than large differences in their
radial mass distribution. In contrast, baryonic dissipation re-
distributes the mass of Eris inward compared with a spherical
NFW halo and rounds the halo relative to ErisDark.
Since Eris performs comparably to a spherical NFW halo
but has a flatness intermediate between ErisDark and spheri-
cal, we performed additional tests to explore the relative roles
of radial mass re-distribution or rounding of the halo shape
in improving the Eris performance. We revisited our previ-
ous analysis using a spheroidal NFW halo with a flattening
qz,h = 0.85. This model mimics the Eris halo shape, but uses
the more extended NFW halo mass distribution. In terms
of the mass Ms within the scale radius rs, the potential of a
spheroidal NFW halo can be written as
Φh(m) = −
GMs
m
log(1+m/rs) (18)
where
m2 = x2 + y2 +
z2
qz,h2
. (19)
If qz,h = 1, then Equation 18 reduces to the spherical NFW
potential. The mass distribution of this flattened NFW
model is also plotted in Figure 6, showing as expected
that a spheroidal NFW model is slightly more centrally-
concentrated than an spherical NFW model.
Using this flattened NFW potential model with qz,h = 0.85,
we perform the same Bayesian analysis described in Sec-
tion 5.4. For the Pal 5 stream, we find a log-evidence of
logZ = −41.55±0.09, slightly better than for Eris or a spher-
ical NFW halo. For the GD-1 stream, we find a log-evidence
of logZ = −38.17± 0.12, worse than for Eris or a spheri-
cal NFW halo. The performance of the spheroidal NFW halo
when combining both the Pal 5 and GD-1 constraints is worse
than for either Eris or a spherical NFW halo. From these re-
sults we infer that the mass re-distribution by baryonic infall
is somewhat more influential than the rounding of the halo
shape in improving the performance of Eris, but that the rel-
ative importance of these two effects may vary with radius.
We also note that the degree of dissipation in Eris should
be model-dependent and in principle the effect of baryonic
dissipation could be stronger with, e.g., a different feedback
prescription or in a galaxy with a different formation time
than Eris. Kazantzidis et al. (2010) used simulations to show
that the amount of sphericalization not only depends on the
mass of the forming disk, but also on its alignment with halo.
The effect of dissipation in rounding the halo is strongest if
the symmetry axis of the disk is aligned with the major axis
of the dark halo. Since the axis of the disk in Eris is aligned
with the minor axis of the halo, and the Eris disk mass is
smaller than the Milky Way, it is plausible that the effect of
baryonic dissipation on the halo sphericity could be stronger
in the real Milky Way.
7.2. Comparison to Previous Studies
Several previous analyses studied the development of
Milky Way stellar streams, and used observed streams as
constraints on the Milky Way halo shape. Our formalism en-
ables us to compare straightforwardly with previous analyses
and, in some cases, attempt a reproduction of their results. In
all cases, we find broad consistency where we can compare.
14 DAI, ROBERTSON, & MADAU
0.4 0.8 1.2 1.6 2.0
Density Minor-Major Axis Ratio c/a
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
M
in
or
-M
aj
or
A
xi
s
Po
te
nt
ia
lF
la
tte
ni
ng
q z
,h
Spheroidal NFW Halos at r ⇠ rs
SCF
qz,h ' 1+0.417(c/a 1) 0.056(c/a 1)2
Figure 7. Potential flattening versus axis ratio of the density field
for a flattened NFW profile. The dark blue color shows our mea-
sured relation, in which qz,h is measured by fitting ellipse to the
potential field at the rs radius, and the potential field is calculated
using our basis expansion. The light blue color displays our best fit
line in the form of Equation 20. This relation is only satisfied near
the inner halo (r∼ rs) of a NFW profile with a constant density axis
ratio.
This agreement helps to validate both the findings of previ-
ous studies and the Bayesian methodology presented in this
work.
7.2.1. Halo Potential vs. Density Shape
In what follows, we compare with studies that constrain
either the halo potential flattening qz,h or the halo density
flattening expressed in terms of the minor-to-major axis ratio
c/a. To make these comparisons clearer, we link the shape of
the density field to potential flattening by calculating the po-
tential field of a spheroidal NFW density profile. We model
the potentials of flattened NFW profiles with different axis
ratios with our basis expansion, and then fit ellipses to the
isopotential contours to measure the potential flattening. Fig-
ure 7 shows this simple correspondence between qz,h and c/a.
We find that a quadratic function can fit well this relation as
qz,h = 1+η(c/a−1)− ξ(c/a−1)2, (20)
with the numerical constants η ≈ 0.417 and ξ ≈ 0.056. Note
that we measured the potential shape at the NFW profile
scale radius r = rs, and since the potential flattening is radius-
dependent this relation remains only satisfied in the inner
halo with r ∼ rs. As expected, a spherical density profile re-
sults in a spherical potential. Note that Figure 7 and Equation
20 are consistent with connection between qz,h and c/a in the
Eris halo, as shown in Figure 2. Equation 20 also provides a
rule of thumb for comparing the relative statistical uncertain-
ties σq or σc/a on qz,h or c/a, and via the error propagation
formula we have
σc/a ≈ σq√
η2 −4ξ(qz,h −1)
. (21)
Near qz,h ≈ c/a ≈ 1, we have roughly that σc/a/σq ≈ η−1 ≈
2.4 for NFW halos.
7.2.2. Comparison to Previous Streakline Models
The Eris simulation produced a Milky Way-like galaxy
with an oblate dark matter halo and a total potential flatten-
ing qz = 0.88, and our results suggest that the Eris potential
can produce tidal streams remarkably consistent with the Pal
5 and GD-1 data. This result appears compatible with results
from previous analyses using streakline models to simulate
the stellar stream orbits. Bowden et al. (2015) used a similar
streakline method to model GD-1 in a logarithmic potential
and found a total potential flattening for the Milky Way of
qz = 0.90+0.05−0.09, and infer that the Milky Way halo is flattened
at the orbital radius of GD-1. Küpper et al. (2015) used a
streakline method to model Pal 5 in a three-component po-
tential consisting of a variable NFW halo and a fixed disk
and bulge. Küpper et al. (2015) fit the main stream orbit po-
sitions, line-of-sight velocities, and overdensities of the Pal
5 stream to the data. They found that the shape of the Milky
Way halo potential is constrained to be qz,h = 0.95+0.16−0.12, and
conclude the Milky Way halo is spherical. We note that given
their quoted uncertainties, both the Bowden et al. (2015) and
Küpper et al. (2015) analyses are consistent with the Eris
halo potential flattening (qz,h = 0.85) to within 1σ and permit
quite oblate halos.
7.2.3. Comparison to Previous Action-Angle Models
Using the Bovy (2014) action-angle method for evolving
the stellar stream orbits, Bovy et al. (2016) combined the
data from Pal 5, GD-1, and other Milky Way observations
to constrain the shape of the Milky Way halo assuming an
NFW density profile. Their Milky Way potential model con-
sisted of a flattened dark matter halo, a Miyamoto-Nagai disk
and a spherical bulge. They allowed for a variable NFW halo
profile shape, leaving the halo density axis ratio c/a as a free
parameter of their model.
When modeling Pal 5, Bovy et al. (2016) allowed the dis-
tance, proper motion, and velocity dispersion of the cluster
to vary. We have adopted their priors on the Pal 5 progen-
itor distance and proper motions (see Table 3 for numerical
values). Given the data and priors, Bovy et al. (2016) con-
strained the halo axis ratio to c/a = 0.89+0.20−0.23. They further
measured the force at the location of the stream progenitor,
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and from this inferred that the total potential flattening was
qz = 0.94± 0.05. Our Eris halo axis ratio and total potential
flattening lie at the 1-σ limit of their Pal 5 constraint.
When modeling GD-1, Bovy et al. (2016) fixed the pro-
genitor cluster internal velocity dispersion to σv = 0.4 kms−1,
adopted φ1 = 0 assuming that the stream represents a lead-
ing arm, and varied the other five phase space coordinates of
the GD-1 progenitor as free parameters. Following a simi-
lar analysis to Pal 5, Bovy et al. (2016) constrained the halo
density axis ratio to c/a = 1.27+0.27−0.22 and the total potential
flattening to qz = 0.95±0.04 for an NFW profile halo.
Bovy et al. (2016) combined the Pal 5 and GD-1 force
measurements with other Milky Way potential constraints,
and found a combined constraint on the axis ratio of the dark
matter halo of the Milky Way of c/a = 1.05± 0.14 assum-
ing the halo density profile was NFW. The dark matter halo
density axis ratio for Eris (c/a ≈ 0.65) lies ∼ 3σ discrepant
with this result, even as Eris and a spherical NFW dark mat-
ter halo perform comparably well in reproducing the stellar
stream data. We now turn to an investigation of the origin of
this apparent tension.
First, we review differences in the baryonic components of
each model. Comparing with the best fit model of Bovy et al.
(2016), Eris has a larger bulge and a smaller disk (see Table
1 and Table 2). Therefore, the contribution of the baryons
to the total potential in the Eris model is more spherical and
may partially compensate for the non-sphericity of the dark
matter halo. To test this hypothesis, we combine the dark
matter halo from Eris and the baryonic component from the
spherical halo model to form a new Milky Way potential,
and calculate the Bayesian evidence of this model to test for
consistency with the tidal stream data following the proce-
dure described in Section 5. We find that this ”massive disk”
model, with a disk mass increased to Md = 7.0× 1010 M,
performs comparably well as the Eris or spherical NFW halo
models, with a log-evidence logZ = −42.05± 0.09 for Pal
5 (χ2 = 28.96) and logZ = −35.19± 0.12 for GD-1 (χ2 =
18.88), comparable to Eris. We therefore conclude that the
relative mass of the disk and bulge in Eris does not strongly
affect its ability to reproduce the stellar stream data.
The above results owe to several physical effects. The dif-
ferences in the total potential resulting from adopting the Eris
disk or the “massive disk” adopted from Bovy et al. (2016)
are not large at the location of the Pal 5 stellar stream. The
potential at the location of Pal 5 is dominated by the con-
tribution from the dark halo, and the influence of the disk
there is weak. As we discussed in Section 4, the character-
istic length of the disk (≈ 2.5 kpc) is much smaller than the
radial location of the streams. At r ≈ 15 kpc, the compact
baryonic component acts like a point source and makes the
total potential more spherical than the dark matter potential.
Therefore, increasing the disk mass will induce a more spher-
ical total potential and using the Eris disk in our analysis is a
conservative assumption.
We emphasize again that the disk of Eris is smaller than
the Milky Way disk, and therefore Eris does not match all
constraints on the Milky Way disk mass in the solar neigh-
borhood. However, we do not argue that Eris is a perfect
Milky Way model, but instead are trying understand the ro-
bustness of current stellar streams on the shape of the Milky
Way halo. Clearly, the (dis-)agreement between Eris and the
Milky Way at the solar circle does not necessarily equate to
their (dis-)agreement at 20 kpc. Replacing the Eris disk with
a more massive one, as we did above, will just serve to make
Eris a “better” (i.e., more spherical potential) model for a
Milky Way-like galaxy that can satisfy the stream constraints
at both 8kpc and 20kpc.
7.2.4. Variable Halo Shape
We expect that the action-angle method (Bovy 2014) and
our streakline method produce model streams of comparable
physical accuracy, and therefore our method should repro-
duce the results of Bovy et al. (2016) given similar assump-
tions. If not, then discrepancy between the Eris and spherical
NFW halo results could owe to the differences in modeling
the streams. We therefore revisited our analysis, allowing
for an additional free parameter qz,h describing the potential
shape of a spheroidal NFW halo model (see Equation 18).
This analysis generalizes the results discussed in Section 7.1
for a spheroidal NFW halo potential to a variable flattening
qz,h. We fix the baryonic component, the scale mass and the
scale length of the halo to the best fit value in Bovy et al.
(2016), only allowing the potential flattening to vary within
qz,h = [0.7,1.4]. Other details of the stream modeling fol-
low the method described in Section 5. Since both Pal 5 and
GD-1 lie close to the scale length of the Milky Way halo
(rs = 18.0±7.5kpc; Bovy et al. 2016), we use Equation 20 to
transform the axis ratio constraints in Bovy et al. (2016) to
potential shapes for a direct comparison.
We find that Pal 5 constrains the NFW potential shape
to qz,h = 0.87± 0.06, more flattened but consistent with the
value qz,h = 0.95+0.09−0.10 (transformed from c/a = 0.89
+0.20
−0.23) in
Bovy et al. (2016). Eris lies at the 1σ limit of their result,
but close to the center of our constraint. The difference in
these two constraints may owe to our fixing of the baryonic
galaxy parameters, while Bovy et al. (2016) allowed for a
wide range of both disk and halo model parameters. Overall,
we conclude our model can produce results consistent with
Bovy et al. (2016) under a similar set of assumptions.
For GD-1 we find that the data prefers a prolate NFW
halo with a potential flattening qz,h = 1.21± 0.11, in agree-
ment with the value qz,h = 1.11+0.10−0.09 (transformed from c/a =
1.27+0.27−0.22) found by Bovy et al. (2016). That the GD-1 data
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alone favor a prolate NFW halo (without additionally con-
sidering Pal 5) does not necessarily mean that an oblate halo
will fail to reproduce the GD-1 stream data. Even though Eris
has a smaller evidence as a model for GD-1 than a spherical
NFW halo, we can also find a given set of initial conditions
for the GD-1 progenitor that would allow the Eris potential to
reproduce the observed streams with high fidelity (see Figure
5 and Table 6).
Finally, we combine the Pal 5 and GD-1 data and fit them
simultaneously using an oblate NFW halo and thirteen free
parameters (four from Pal 5, eight from GD-1, and qz,h). We
find that the NFW halo potential shape is constrained to be
qz,h = 0.97±0.07, consistent with the results from Bovy et al.
(2016). This result is also consistent with a simple variance-
weighted average of the constraints from Pal 5 and GD-1 sep-
arately. We have shown that the oblate Eris halo is consistent
with the data, but we agree with Bovy et al. (2016) that for
an NFW profile the data favor a spherical halo. Since we
have used the same stream modeling method and the same
parameter setup, the only difference between these two anal-
yses is the form of the potential, i.e., Eris differs from an
analytical oblate NFW halo. Eris is a dark halo formed self-
consistently in a cosmological simulation that models the dis-
sipative physics relevant for the formation of a realistic Milky
Way-like galaxy. Given the comparable quality of the fits and
the current constraining power of the data, we suggest that
both the oblate Eris halo and a spherical NFW halo provide
reasonable models for dark matter halos in galaxies like the
Milky Way.
7.2.5. Comparison to Other Tidal Stream Analyses
While we use the Eris hydrodynamical simulation to pro-
vide the background potential for our stellar stream mod-
eling, prior work has used collisionless dark matter-only
simulations to model the development of Milky Way stellar
streams. Ngan et al. (2015) and Ngan et al. (2016) simulated
tidal streams in the potential of the Via Lactea II (VL2) N-
body simulation and a spherical analytical potential, with and
without subhalos, to study the stream morphologies. They
used a similar SCF approach to ours for representing the
simulated dark matter halo, except they used the Hernquist
(1990) radial basis functions instead of the NFW model we
adopt. Ngan et al. (2015) and Ngan et al. (2016) found that
orbiting subhalos and the time-dependence of the potential
shape could lead to both fluctuations in the density and even-
tually the dispersal of the tidal streams. They also found that
massive subhalos could increase the stream density by shep-
herding stream stars.
More recently, Sandford et al. (2017) used the VL2 po-
tential and other, more idealized smooth potentials to exam-
ine further the interplay between stream morphologies, the
global halo shape, and the presence of substructures. Sand-
ford et al. (2017) found that the shape of the halo potential
and substructure could affect stream morphological proper-
ties such as their thickness or the regularity of their stellar
distribution.
Our work largely complements these previous efforts, in
that we only use the positions and velocities of the streams to
evaluate Eris as a model of a Milky Way-like halo and do not
attempt to use the morphological properties of the streams
to evaluate the model potential. We do find that the aspheri-
cal halo in the dark matter-only ErisDark simulation widens
the model streams. The end of the Pal 5 trailing arm be-
comes relatively broad, even though we set the internal ve-
locity dispersion of the progenitor cluster to σv = 0, and the
test particles take twice as long cover the whole Pal 5 stream
in ErisDark than in Eris. With a non-zero progenitor internal
velocity dispersion the stream-fanning in ErisDark would be
exacerbated (Pearson et al. 2015). The same phenomenon
also occurs in the GD-1 model.
7.3. Gaia and Future Observations
Given the current quality of data, we have demonstrated
that both Eris and a spherical halo model prove consistent
with the current Pal 5 and GD-1 stream data, even though
the models differ structurally. Relative to our spherical halo
model, Eris has a smaller disk, less mass within 20kpc, and
a substantially flattened halo (qz,h = 0.85), but both models
perform comparably well. However, with more precise data
one or both models might be falsifiable. Based on our fitting
to the Pal 5 stellar stream, we constrain the Pal 5 globular
cluster parameters to be [D, µα, µδ , M]=[21.0± 0.8 kpc,
−2.337± 0.096 masyr−1, −2.302± 0.100 masyr−1, 1.3±
0.6 × 104 M] in Eris and [21.7± 0.5 kpc, −2.393± 0.058
masyr−1, −2.349± 0.061 masyr−1, 1.4± 0.4× 104 M] in
the spherical halo model. We find that proper motion is
the most sensitive parameter for distinguishing between dif-
ferent potentials, as further indicated by the one dimen-
sional marginalized posterior distributions shown in Figure
4. Based on the posterior distribution from the Eris model,
we estimate that improving the proper motion constraints
to σµ . 50 µasyr−1 for the streams would distinguish be-
tween Eris and a more spherical halo, well beyond the cur-
rent σµ ≈ 150 µasyr−1 uncertainties. According to de Brui-
jne (2012), Gaia should reach final mission proper motion
constraints of σµ . 100 µasyr−1 for individual stars with the
apparent brightness of stars in the Pal 5 and GD-1 streams
(m ≈ 17− 20), and will provide much tighter constraints by
combining measurements from multiple stars in each stream.
We therefore expect the final mission Gaia data will be able
to distinguish between models like Eris and a more spherical
halo model for the Milky Way.
7.4. Time Evolution of the Eris Halo
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Figure 8. Time evolution of the Eris dark matter halo. The left and middle panels show the minor-major and intermediate-major axis ratios
of the Eris halo potential as a function of time, split by the dark matter (dark blue), baryons (light blue), and total potential (medium blue)
components. The axis ratios are measured at r = 15 kpc, close to where Pal 5 and GD-1 are located. The right panel displays the evolution of
mass within 20 kpc of the halo for the dark matter (dark blue) and baryons (light blue). These results suggest that the halo remains stable over
the last ∼ 4Gyr.
Dark matter halos evolve over time owing to accretion. If
the shape of the host halo potential changes dramatically dur-
ing the period of the formation of a tidal stream, using a static
halo potential to model the tidal stream could be inappropri-
ate. We modeled the potential of Eris halo at redshift z = 0
using our basis expansion, and we assumed that the halo did
not evolve over the formation time of the stellar streams. To
test the accuracy of this assumption, we measure the shape
and inner mass at r . 20 kpc of the Eris halo as a function
of time, as shown in Figure 8. The shape of the Eris halo
evolves very slowly over the last 8 billion years. Over the
same period, the inner halo increases its mass by only about
10% and remains quite stable over the last 4 billion years. In
our model the Pal 5 and GD-1 stellar streams develop over
the last ∼ 4 billion years, and these measurements validate
our use of a static halo when using Pal 5 and GD-1 streams
to analyze the constraints on the Milky Way potential.
7.5. Caveats
The results of our analysis are subject to important caveats.
The comparison of simulated galaxies like Eris with real sys-
tems like the Milky Way often involve an imperfect statisti-
cal rationale, as the expense of high-resolution cosmologi-
cal simulations typically limit the range of model galaxies
available to compare with observations. Our analysis deals
with only a single realistic Milky Way analog, and it remains
unclear whether the results we present for Eris generalize
to all simulated galaxies that resemble the Milky Way. We
plan to revisit our results using the Venus simulation (see
Sokolowska et al. 2017), a similar simulation to Eris but
where the resimulated galaxy is chosen to have a more vi-
olent merger history. Even given these caveats, our results do
indicate that both the halo mass distribution and its flatten-
ing matter in shaping stellar streams, and appropriate caution
should be employed when assuming a halo density profile
while attempting to infer the flattening of the halo potential.
8. CONCLUSIONS
We have used the Eris hydrodynamical simulation of a
Milky Way-like galaxy forming in a full cosmological con-
text (Guedes et al. 2011) as a model for reproducing the ob-
served tidal streams Pal 5 and GD-1. We find that combined
baryonic and dark matter components of Eris produce a to-
tal gravitational potential shape of qz = 0.88, and that this
shape allows for the formation of tidal streams that show
remarkable consistency with the Pal 5 and GD-1 data. Us-
ing Bayesian inference we demonstrate that the Eris model
works as well as the best fit (spherical) potential presented
by Bovy et al. (2016). Remarkably, the tidal streams Pal 5
and GD-1 can be well-reproduced by the potential of Eris
without any rescaling or modifications, suggesting that our
current models of ΛCDM structure formation including dis-
sipative physics can produce galaxies that have total halo po-
tentials in substantial agreement with current observational
constraints available for the Milky Way.
We find that the total potential Eris works comparably
well to the spherical NFW halo model found by Bovy et al.
(2016), even though the dark matter halo in Eris has an axis
ratio of c/a = 0.65. The baryonic dissipation alters the dark
matter halo shape from prolate to an oblate halo aligned with
the disk, consistent with previous studies (e.g., Kazantzidis
et al. 2004; Gustafsson et al. 2006; Abadi et al. 2010). The
more centrally-concentrated mass distribution of Eris rela-
tive to an NFW halo allows for Eris to permit realistic stream
orbits, despite its flattened shape. The Eris halo shape is
substantially rounder than in the equivalent dark matter-only
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simulation ErisDark; we find that ErisDark cannot reproduce
the observed stellar stream data.
With the on-going release of the Gaia data, we expect
exciting additional probes of the Milky Way potential that
will further test our models for ΛCDM galaxy formation.
Gaia will provide a full-mission proper motion precision of
σµ . 100 µasyr−1 for single stars down to 20th magnitude
(de Bruijne 2012). With multiple available stars at magni-
tudes m < 20 in each stream, the constraints on both the Pal
5 and GD-1 proper motions should sharpen substantially be-
yond the σµ ≈ 150 µasyr−1 uncertainties from the current
data (Koposov et al. 2010; Fritz & Kallivayalil 2015). The
ultimate precision afforded by Gaia should distinguish be-
tween models like Eris and more spherical halos, if the final
stream proper motion constraints reach σµ . 50 µasyr−1.
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